Idiopathic pulmonary fibrosis (IPF) is a poorly understood progressive disease characterized by the accumulation of scar tissue in the lung interstitium. A hallmark of the disease is areas of injury to type II alveolar epithelial cells with attendant accumulation of fibroblasts in areas called fibroblastic foci. In an effort to better characterize the lung fibroblast phenotype in IPF patients, we isolated fibroblasts from patients with IPF and looked for activation of signaling proteins, which could help explain the exaggerated fibrogenic response in IPF. We found that IPF fibroblasts constitutively expressed increased basal levels of SPARC, plasminogen activator inhibitor-1 (PAI-1), and active ␤-catenin compared with control cells. Control of basal PAI-1 expression in IPF fibroblasts was regulated by SPARCmediated activation of Akt, leading to inhibition of glycogen synthase kinase-3␤ and activation of ␤-catenin. Additionally, IPF fibroblasts (but not control fibroblasts) were resistant to plasminogen-induced apoptosis and were sensitized to plasminogen-mediated apoptosis by inhibition of SPARC or ␤-catenin. These findings uncover a newly discovered regulatory pathway in IPF fibroblasts that is characterized by elevated SPARC, giving rise to activated ␤-catenin, which regulates expression of downstream genes, such as PAI-1, and confers an apoptosisresistant phenotype. Disruption of this pathway may represent a novel therapeutic target in IPF.
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Idiopathic pulmonary fibrosis (IPF)
2 is a progressive and fatal lung disease of unknown cause. Current estimates of disease incidence are 40 -50 per 100,000 and ϳ125,000 cases in the United States. Most patients are 50 -70 years old, but patients with familial IPF tend to present earlier. Patients are usually symptomatic for 6 -24 months before diagnosis but often present with advanced fibrotic disease. Despite therapy, IPF has a median survival of 4 -5 years (1) . Most of the current therapy targeted at IPF is anti-inflammatory. These treatments have yielded few durable responses. Their failure is due in great part to the unique pathogenesis of IPF. Our understanding of the pathogenesis of IPF is evolving, with more recent evidence suggesting a process of alveolar epithelial injury, possibly ongoing, and dysregulated repair, leading to proliferation of myofibroblasts and fibrotic scarring in the lung.
Myofibroblasts in IPF are thought to arise, at least in part, from differentiation of fibroblasts in response to transforming growth factor-␤ (TGF-␤). They are characterized by expression of ␣-smooth muscle actin (␣-SMA) and synthesis of matrixmodifying factors such as collagen and fibronectin. The proliferation of myofibroblasts is a critical step in the generation of fibrotic scarring in IPF (2) . This process is very similar to what occurs during normal wound healing. Myofibroblasts are responsible for pulling on a wound in order for its edges to approximate and close. They also lay down the extracellular matrix (ECM) that is part of the wound scar. Once wound repair is complete, myofibroblasts normally undergo apoptosis, and other cells in the vicinity break down the ECM. In IPF, however, apoptosis of myofibroblasts is impaired, and they maintain an environment that is non-degradative, thereby preserving and extending the ECM. A critical regulator of fibroblast differentiation into myofibroblasts and the genesis of matrix components is isoform 1 of TGF-␤, a powerful mitogen that is secreted by type II alveolar epithelial cells (AEC), macrophages, platelets, and myofibroblasts themselves in response to injury (3) .
TGF-␤ regulates multiple signaling pathways that coordinate cellular responses to injury, tissue repair, and fibrosis. Recent studies have elucidated that TGF-␤ activates Wnt/␤-catenin. The Wnt/␤-catenin pathway has been shown to organize diverse regulatory pathways during development, cell growth and differentiation, tissue remodeling, and tumorigenesis (4) . The Wnt/␤-catenin or canonical Wnt signaling pathway is characterized by the nuclear accumulation of ␤-catenin, which forms a complex with members of the T cell factor/ lymphoid enhancer factor-1 family of transcription factors (4) . Many of these genes are involved in matrix remodeling and fibrogenesis, such as SPARC (secreted protein acidic and rich in cysteine); matrix metalloproteinase-2, -3, and -9; cyclin D 1 ; matrilysin; and fibronectin. In recent studies, TGF-␤ has been shown to induce rapid nuclear translocation of ␤-catenin in mesenchymal stem cells in a Smad-3-dependent manner (5) . Also, a recent study showed that TGF-␤ activates the ␤-catenin pathway in lung fibroblasts through inhibition of glycogen synthase kinase-3␤ (GSK-3␤) (6) . In the lung, a Gata6-Wnt/␤-catenin pathway was recently shown to be required for epithelial stem cell development and airway regeneration (7) . Recent studies also point to a role for the Wnt/␤-catenin pathway in pulmonary fibrosis (8) . Chilosi et al. (9) reported the accumulation of nuclear ␤-catenin in damaged type II AEC and myofibroblasts in fibroblastic foci in IPF lung but not in other idiopathic interstitial pneumonias such as nonspecific interstitial pneumonia. A more recent study revealed activation of the Wnt/␤-catenin pathway in type II AEC from IPF patients, which appeared to play a role in mediating epithelial injury and hyperplasia (8) . Furthermore, it was suggested that activation of Wnt signaling in adjacent lung mesenchyme may prevent the proper differentiation of the alveolar epithelium (10) .
SPARC, a matricellular protein that regulates tissue repair and wound healing, is a known target of TGF-␤ (reviewed in Ref. 36) . It is known to accumulate in myofibroblasts in fibroblastic foci in IPF (11) . It also plays a role in the assembly of fibrillar collagen in the ECM (44) . Recently, a study by Nie and Sage (12) demonstrated that SPARC induces the accumulation and activation of ␤-catenin in preadipocytes, leading to an enhanced association of ␤-catenin with T cell factor/lymphoid enhancer factor and inhibition of adipogenesis. They showed that integrin-linked kinase (ILK), but not Akt, is required for SPARC activation of ␤-catenin and that LiCl mimics the effects of SPARC. They also revealed that SPARC regulates expression of ␣5-and ␣6-integrins through ␤-catenin. Their laboratory also recently showed that SPARC mediates cell survival through its interaction with ␤1-integrin and activation of ILK (45) .
We were interested in identifying genes and signaling pathways in lung fibroblasts from IPF patients that contribute to the fibrogenic phenotype through promoting ECM deposition and/or inhibition of apoptosis. Recently published supporting studies reveal that TGF-␤ induces protection from serum starvation-mediated apoptosis through the p38 MAPK (mitogenactivated protein kinase) and phosphoinositide 3-kinase (PI3K)/Akt pathways (13, 14) . Also, endothelin-1 and TGF-␤ appear to independently protect lung fibroblasts from apoptosis via these pathways (13, 14) . The same laboratory also showed that TGF-␤-mediated induction of plasminogen activator inhibitor-1 (PAI-1) protects lung fibroblasts from plasminogen-induced apoptosis (15) . Several previous studies show that PAI-1 promotes fibrosis in lung and other tissues and that plasminogen activation is anti-fibrogenic (16, 17) . Additionally, PAI-1 has been shown to impair alveolar epithelial repair through binding to vitronectin, and TGF-␤ requires PAI-1 for its cytostatic effect on epithelial cells (18, 19) .
To further characterize the interplay between these matrixmodifying pathways in IPF fibroblasts, we isolated fibroblasts from IPF patients and used fibroblasts isolated from patients undergoing resection for lung cancer as our control. Like others previously, we observed increased expression of total ␣-SMA in IPF fibroblast samples versus control fibroblasts, which is consistent with an increase in the number of myofibroblasts in IPF, as has been observed in IPF. However, there was significantly more heterogeneity in the level of total ␣-SMA expression in IPF fibroblasts versus control fibroblasts. We report, for the first time, that IPF fibroblasts constitutively express significantly more SPARC and nuclear, i.e. active, ␤-catenin than control fibroblasts. Because the resistance of IPF fibroblasts to normal apoptotic signals may play a role in disease pathogenesis, we looked for targets of SPARC/␤-catenin, which may mediate this protection. Because PAI-1 has been shown to mediate apoptotic resistance in lung fibroblasts, we compared the levels of PAI-1 in control fibroblasts versus IPF fibroblasts and found significantly higher basal PAI-1 expression in IPF fibroblasts. Also, IPF fibroblasts were significantly more resistant than control fibroblasts to plasminogen-induced apoptosis. Finally, we show that SPARC mediates activation of ␤-catenin through activation of Akt, leading to inhibition of GSK-3␤. Also, this pathway regulates PAI-1 expression in IPF fibroblasts. These data describe, for the first time, a constitutive signaling pathway regulated by SPARC/␤-catenin in IPF fibroblasts that leads to increased basal expression of PAI-1, which mediates resistance to plasminogen-induced apoptosis. This may contribute to both impairment of epithelial repair and fibrosis in IPF.
EXPERIMENTAL PROCEDURES
Cell Culture and Reagents-Lung tissue was obtained from patients undergoing surgical biopsy for the diagnosis of interstitial lung disease or lung transplant for IPF, and non-neoplastic tissue was obtained from patients undergoing surgical lung cancer resection. The tissue was minced into small pieces with a scalpel and digested with type I collagenase (1 mg/ml; Invitrogen) and hyaluronidase (125 units/ml; Sigma) at 37°C with agitation for 18 h in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum. The dissociated tissues were incubated without shaking for 5 min at room temperature, followed by the separation of cell-enriched supernatant into a new tube. The cell fraction was centrifuged at 250 ϫ g for 5 min, and the pellet was then resuspended in DMEM with 10% fetal bovine serum. Epithelial cells did not, in general, survive more than one passage and were in large part eliminated through trypsinization. Surviving fibroblasts were cultured in DMEM supplemented with 10% fetal bovine serum at 5% CO 2 at 37°C. Each fibroblast culture was frozen at its earliest available passage and was used for studies for up to five passages. For each experiment, cells were plated in culture vessels in DMEM and cultured until 70 -80% confluent, unless indicated otherwise. Cells were subjected to starvation by washing cells twice with 1ϫ phosphate-buffered saline (PBS), followed by the addition of DMEM and 0.1% serum to each well and incubation for an additional 24 h. In the experiments for cell death induced by Glu-plasminogen (American Diagnostica Inc., Stamford, CT), phenol red-free DMEM was used.
Western Blot Analysis-Western blot analysis and band intensity quantitation were performed as described previously (20) . Briefly, the protein concentration was measured by Bradford assay (Bio-Rad) according to the manufacturer's instructions. An equal amount of protein was separated by SDS-PAGE and transferred to polyvinylidene difluoride membrane. Immunoblotting was performed using primary antibodies for ␣-SMA (American Research Products, Inc., Belmont, MA); SPARC (Biodesign International, Saco, ME); cleaved caspase-3 (Asp 175 ), phospho-Akt (Ser 473 ), phospho-GSK-3␤ (Ser 9 ), and GSK-3␤ (Cell Signaling Technology, Danvers, MA); active ␤-catenin (8E7; Millipore, Billerica, MA); total ␤-catenin (BD Biosciences); PAI-1 (Santa Cruz Biotechnology, Santa Cruz, CA); and ␣-tubulin (used as a loading control; Sigma) overnight at 4°C, followed by incubation with the appropriate horseradish peroxidase-conjugated secondary antibody (GE Healthcare). The blot was visualized by enhanced chemiluminescence (GE Healthcare) and analyzed using a Kodak Image Station 4000R system (Carestream Health, Rochester, NY).
To detect secreted PAI-1, the culture medium was first cleared by centrifugation, and proteins were precipitated in the presence of ammonium sulfate at 50% saturation overnight at 4°C with gentle agitation. The excess salts were removed by dialysis against lysis buffer used for total lysate preparation, and protein quantitation was performed by the Bradford assay as described above. To suppress endogenous PI3K activity, 10 M LY293002 or 1 M wortmannin (Sigma) was used, and dimethyl sulfoxide (Sigma) was used as a control.
Immunofluorescent Staining and Nuclear Localization of ␤-Catenin-Fibroblasts were grown on 2-well chamber slides (Thermo Fisher Scientific) in complete culture medium until 50 -60% confluent. Cells were subjected to starvation (0.1% serum) for 48 h. After washing with 1ϫ PBS, cells were treated with 100% methanol at Ϫ20°C for 5 min. Cells were then blocked in 1ϫ PBS and 3% normal goat serum (Sigma) for 30 min at room temperature, followed by incubation with antiactive ␤-catenin at 1:100 dilution in blocking solution for 16 h at 4°C. The target proteins were visualized with fluorescein isothiocyanate-conjugated secondary antibody (Calbiochem), and 4Ј,6-diamidino-2-phenylindole (Molecular Probes, Eugene, OR) was used for nuclear counterstaining. Fluorescent images were taken and processed using a Labophot-2 microscope equipped with an episcopic fluorescence attachment (EFD-3; Nikon Instruments Inc., Melville, NY). For the quantitation of nuclear localized ␤-catenin, at least total 100 cells were randomly selected from five fields of each stained sample to obtain the percentage of nuclear localization of ␤-catenin.
Nuclear Isolation, Staining, and Fluorescence-activated Cell Sorting-To isolate stable cell nuclei from fibroblasts for the staining of intranuclear ␤-catenin and for analyzing on a flow cytometer, a protocol disrupting cell membrane by detergent (Triton X-100) and maintaining nuclear membrane integrity by magnesium was adopted from the Flow Cytometry Core Laboratory at the NCI ETI Branch (home.ncifcrf.gov/ccr/flowcore/ nuclei.pdf). Briefly, cells were collected by gentle scraping and washed twice with cold PBS. Cells were then resuspended in cold nuclear isolation buffer (320 mM sucrose, 5 mM MgCl 2 , 10 mM HEPES, and 1% Triton X-100, pH 7.4) and allowed to incubate on ice for 10 min. Nuclear yield and integrity were confirmed by microscopic examination with trypan blue staining. We routinely observed Ͼ98% nuclear isolation efficiency (data not shown). Nuclei were pelleted by centrifugation at 2000 ϫ g and washed twice with nuclear wash buffer (320 mM sucrose, 5 mM MgCl 2 , and 10 mM HEPES, pH 7.4). Isolated nuclei were then incubated overnight with anti-␤-catenin antibody (5 g/ ml) or normal mouse IgG (Santa Cruz Biotechnology), followed by a 1-h incubation with fluorescein isothiocyanate-conjugated anti-mouse IgG (2 g/ml) in nuclear wash buffer plus 1% bovine serum albumin and 0.1% sodium azide. All steps described above were done at 4°C. After extensive washing, nuclei were resuspended in 250 l of nuclear wash buffer before flow cytometry analysis. Flow cytometry was performed on an Accuri C6 flow cytometer system (Accuri Cytometers, Inc., Ann Arbor, MI) using 488 nm excitation and standard fluorescein isothiocyanate emission optics with 10,000 events from each sample, and analysis was performed using FlowJo software (Tree Star Inc., Ashland, OR).
Analysis of Gene Expression-RNA was extracted from fibroblasts using TRIzol (Invitrogen), and cDNA converted from 5 g of total RNA was obtained using a SuperScript first-strand synthesis system for reverse transcription-PCR kit (Invitrogen). To control for genomic DNA contamination, additional RNA samples were processed without reverse transcriptase. The reverse transcription product equivalent to 25 ng of total RNA was then added to a real-time quantitative PCR (qPCR) using a Dynamo SYBR Green qPCR kit (Finnzymes, Espoo, Finland) according to the manufacturer's protocol. The following primers were used: human PAI-1, 5Ј-TGGAACAAGGATGAGAT-CAG-3Ј (sense) and 5Ј-CCGTTGAAGTAGAGGGCATT-3Ј (antisense); human ␣-SMA, 5Ј-CTGTTCCAGCCATCCT-TCAT-3Ј (sense) and 5Ј-CCGTGATCTCCTTCTGCATT-3Ј (antisense); and glyceraldehyde-3-phosphate dehydrogenase, 5Ј-GACCCCTTCATTGACCTCAAC-3Ј (sense) and 5Ј-CTT-CTCCATGGTGGTGAAGA-3Ј (antisense). The annealing and amplification temperature was 60°C. Real-time qPCR was performed in strip tubes using a StepOne PCR system (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions. The specificity of amplified products was suggested by a melting curve resulting in only one peak. This was further confirmed by agarose gel electrophoresis of the PCR products visualized under ethidium bromide/UV illumination. Target amplifications were compared with the reference amplifications (glyceraldehyde-3-phosphate dehydrogenase) in the same experiment for each reverse transcription product tested. All reactions were carried out in duplicate, and the threshold cycle (C t ) values were determined by automated threshold analysis with the StepOne software. The final results are presented as relative -fold change in target gene expression compared with the reference based on the comparative or ⌬⌬C t method. The efficiency of each primer pair was determined by the qPCR procedure from standard dilutions of cDNA (equivalent to 10 pg to 10 ng of total RNA in the reverse transcription reaction). To assess the effect of an inhibitor of the TGF-␤1 receptor/ ALK5 in suppressing PAI-1 expression, 10 M SB431542 (Tocris Bioscience, Ellisville, MO) was added 1 h prior to the addition of human recombinant TGF-␤1 at 2 ng/ml overnight.
Enzyme-linked Immunosorbent Assay for Secreted PAI-1-To determine the concentration of PAI-1 in the culture medium of human lung fibroblasts, cells were plated in a 24-well plate at 5 ϫ 10 5 cells/well overnight in DMEM and 10% fetal bovine serum. After serum deprivation for 24 h, the culture medium was collected and spun at 10,000 ϫ g for 5 min at 4°C to remove any cell debris. The PAI-1 concentration of each supernatant was determined using a Quantikine human serpin E1/PAI-1 immunoassay kit (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions.
Determination of TGF-␤ Bioactivity-The active TGF-␤ concentration in the cultured fibroblasts was assayed using the coculture method with mink lung epithelial cells transfected with a truncated PAI-1 promoter fused to a firefly luciferase gene (referred to as MLEC-PAI-1-Lux cells; a kind gift from Dr. George Yang, Stanford University) (21) . Fibroblasts were seeded in 96-well plates at 2.5 ϫ 10 4 cells/well in triplicates, along with MLEC-PAI-1-Lux cells at 1.5 ϫ 10 4 cells/well in low serum (1%) medium. The use of 1% serum instead of starvation medium with 0.1% serum was needed to support survival of the MLEC-PAI-1-Lux cells. A standard curve of active TGF-␤1 was generated in MLEC-PAI-1-Lux cells with serial dilutions of human recombinant TGF-␤1 (0 -10 ng/ml; Sigma). After incubation for 24 h, the viability of cells was checked microscopically before washing twice with 1ϫ PBS. Cells were then lysed in 1ϫ passive lysis buffer at 50 l/well (luciferase assay kit, Promega, Madison, WI) and incubated with agitation at room temperature for 20 min. 10 l of cell lysate was analyzed for luciferase activity according to the manufacturer's instructions. Cells from fibroblast-only wells were used for the cell count.
The mean values of luciferase activity from triplicates were then converted into concentrations of TGF-␤ in picograms/number of cells using a standard curve obtained with human recombinant TGF-␤1, normalized with cell numbers. The concentration of total TGF-␤1 in the culture medium for corresponding fibroblasts was determined using a Quantikine human TGF-␤1 immunoassay kit (R&D Systems) according to the manufacturer's instructions.
RNA Interference-We constructed a lentivirus-driven ␤-catenin small hairpin RNA (shRNA) expression plasmid from the pLKO.1 vector (22), targeting to ␤-catenin (5Ј-CGGGAT-GTTCACAACCGAATT-3Ј; pLKO.1-sh␤-Cat), SPARC (5Ј-AACAAGACCTTCGACTCTTCC-3Ј; pLKO.1-shSPARC), or a scrambled sequence (5Ј-GTTCTCCGAACGTGTCAC-GTT-3Ј; pLKO.1-Scr). pLKO.1-sh␤-Cat, pLKO.1-shSPARC, or pLKO.1-Scr was transduced into cells, followed by puromycin selection at 2 g/ml for at least 48 h. The efficiency of shRNA knockdown of endogenous ␤-catenin or SPARC was assessed by Western blot analysis.
Quantitation of Cell Viability and Caspase-3 Activity AssayCell viability was determined by an alamarBlue assay. Briefly, primary fibroblasts were seeded overnight in 96-well plates in triplicates and then subjected to serum starvation (0.1% serum) for 24 h. Cells were left untreated or were treated with Gluplasminogen at the indicated concentrations for 48 h. alamarBlue (resazurin from Sigma) was added to each well at 1.25 g/ml for 2-4 h, and the fluorometric assay was done with excitation wavelength at 560 nm and emission wavelength at 590 nm with a fluorescence plate reader (FLUOstar Omega, BMG Labtech, Durham, NC). For each assay, data were collected from triplicates and analyzed and are represented as the percentage of viable cells relative to the untreated sample.
Caspase-3 protease activity in Glu-plasminogen-treated lung fibroblasts was determined by the fluorometric reaction using acetyl-Asp-Glu-Val-Asp-7-amino-4-trifluoromethylcoumarin (DEVD-AFC; R&D Systems) as substrate according to the manufacturer's instructions. Briefly, following the induction of cell death by Glu-plasminogen for 24 h, cells were collected by centrifugation and lysed in lysis buffer on ice for 10 min. 50 l of cell lysate (from 2 ϫ 10 6 cells) was mixed with 50 l of 2ϫ reaction buffer and 10 mM dithiothreitol and 5 l of 1 mM DEVD-AFC in a 96-well plate. After incubation at 37°C for 90 min, the release of free AFC cleaved by active caspase-3 proteases was determined using the fluorescence microplate reader with excitation at 400 nm and emission at 505 nm. The level of caspase-3 enzymatic activity in the cell lysate is directly proportional to the fluorescent signal of cleaved AFC.
Statistical Analysis-Data are expressed as the mean Ϯ S.D. One-way analysis of variance and Student's t test were used for intergroup comparison. A probability level of 0.05 (p Ͻ 0.05) was considered significant.
RESULTS

Increased Expression of SPARC in IPF Fibroblasts Leads to
Activation of ␤-Catenin-To further elucidate the phenotype of fibroblasts originating from IPF lung, we isolated fibroblasts from IPF patients and compared them with control fibroblasts, which were isolated from tissue taken at the time of lung cancer resection surgery and remote from the cancer. As others have reported previously, we found an increase in total ␣-SMA in IPF fibroblasts versus control fibroblasts (Fig. 1 ). This agrees with the observation that increased numbers of myofibroblasts are present in IPF, but it is noteworthy that they also retain this phenotypic identity in culture (23) . There was also greater heterogeneity in the expression of ␣-SMA in IPF fibroblasts compared with control fibroblasts, which likely reflects varying numbers of myofibroblasts in IPF samples. While examining the expression of known matrix regulatory proteins in fibroblasts isolated from control or IPF lung, which have been shown to regulate the wound-healing response, we found SPARC expression increased 8-fold in fibroblasts from IPF lung fibroblasts versus control fibroblasts (Fig. 1) . SPARC was more consistently expressed at higher levels in IPF fibroblasts versus control fibroblasts than fibronectin. Type I collagen was consistently expressed at higher levels in IPF fibroblasts, but unlike SPARC, levels varied more with serial passage (data not shown). Also, serial passage of cells did not diminish the percentage of fibroblasts in the culture, but we found that both populations of fibroblasts began to senesce after nine passages (data not shown). There was no significant difference, however, in proliferation or survival of control fibroblasts versus IPF fibroblasts (supplemental Fig. 1S ).
In view of recent studies demonstrating the activation of ␤-catenin in lung epithelial cells and fibroblasts in IPF lung and a study showing that SPARC activates ␤-catenin (8, 12), we examined whether ␤-catenin is activated in IPF fibroblasts. Because ␤-catenin regulates transcriptional responses in the nucleus, nuclear localization of ␤-catenin is considered synonymous with activated ␤-catenin. Using fluorescence-activated cell sorter (FACS) analysis to detect nuclear ␤-catenin, we discovered that 25-55% of IPF fibroblasts expressed nuclear ␤-catenin compared with Ͻ5% of control fibroblasts ( Fig. 2A) . The same four IPF and control samples were used at early passage (lower than six) for this and all subsequent experiments shown. There was heterogeneity in the number of fibroblasts expressing nuclear ␤-catenin, like ␣-SMA, between IPF patients, but control fibroblasts from different patients uniformly expressed little nuclear ␤-catenin ( Fig. 2A) . In Fig. 2B , a representative immunostaining from two of these IPF patients and two control patients shows nuclear localization of ␤-catenin in IPF fibroblasts versus cytoplasmic localization in control fibroblasts. Analysis of nuclear ␤-catenin expression by immunostaining in IPF and control fibroblasts revealed similar results as seen with FACS analysis (Fig. 2B) . Because SPARC can activate ␤-catenin in adipocytes (12), we investigated whether this was also the case in IPF fibroblasts. Following successful down-regulation of SPARC by RNA interference (Fig. 2C) , we observed that 40% of control shRNA cells versus 12% of SPARC shRNA cells expressed nuclear ␤-catenin as detected by immunohistochemical analysis (Fig. 2D) .
PAI-1 Expression Is Increased in IPF Fibroblasts and Is
Regulated by SPARC/␤-Catenin-We then sought to identify potential targets of SPARC and ␤-catenin, which would play a role in promoting fibrosis by inducing matrix production or reducing matrix turnover and/or suppressing apoptosis of IPF fibroblasts. We identified PAI-1 as a potential target because the balance of expression of plasminogen versus PAI-1 regulates matrix production and turnover during wound healing, PAI-1 expression is increased in IPF lung, deficiency in PAI-1 protects mice from bleomycin-induced fibrosis, and it has been shown to mediate resistance of lung fibroblasts to plasminogen-induced apoptosis in response to TGF-␤ and endothelin-1 (Ref. 15 ; reviewed in Ref. 17) . We found mean basal PAI-1 mRNA to be increased 6-fold in IPF fibroblasts versus control fibroblasts, but again there was more heterogeneity in its level of expression in IPF fibroblasts versus control fibroblasts (Fig. 3A) . Additionally, basal levels of extracellular secreted PAI-1 were 4.7 times higher in IPF cells versus control cells (Fig. 3B) . Interestingly, SPARC, ␣-SMA, PAI-1, and ␤-catenin are all targets of TGF-␤ and are induced or activated during the differentiation of fibroblasts into myofibroblasts. It was therefore possible that the increased expression or activity of PAI-1 resulted from an increase in basal TGF-␤ levels and/or activity, which led to autocrine induction of PAI-1. However, SB431542, a TGF-␤1 receptor/ALK5-selective inhibitor, did not suppress basal levels of secreted PAI-1 in either IPF or control fibroblasts (Fig. 3C) . It did, however, block TGF-␤-mediated induction of PAI-1 in control fibroblasts (Fig. 3D) , suggesting that basal PAI-1 in IPF and control fibroblasts is not regulated by the TGF-␤1 receptor pathway. However, the addition of exogenous TGF-␤1 still requires its cognate receptor to induce PAI-1. Also, we examined whether total or active secreted TGF-␤ levels were different in IPF fibroblasts versus control fibroblasts, but neither total nor active TGF-␤ differed significantly in control or IPF fibroblasts (Table 1) .
Because basal SPARC was elevated in IPF fibroblasts and accompanied by activated ␤-catenin, we hypothesized that PAI-1 is a target of SPARC/␤-catenin. To examine this, we first down-regulated SPARC or ␤-catenin by RNA interference in IPF fibroblasts. This resulted in significantly reduced basal PAI-1 mRNA and secreted PAI-1 compared with the scrambled control (Fig. 4, A and B) . Total ␤-catenin was reduced by 70% following transduction of the ␤-catenin shRNA compared with the scrambled control shRNA, and SPARC was reduced by 90% following transduction of a SPARC shRNA (Fig. 4C) . Also, a similar result was observed in 293T cells, where we first downregulated endogenous PAI-1 in 293T cells by transduction of a ␤-catenin shRNA, followed by overexpression of constitutively active ␤-catenin (supplemental Fig. 2S ). This construct displayed nuclear localization of the fusion protein, in contrast to the diffused cytoplasmic distribution of green fluorescent protein alone (supplemental Fig. 2S) .
Elevated PAI-1 in IPF Fibroblasts Confers Resistance to Plasminogen-induced Apoptosis-A prevailing hypothesis is that fibrosis in IPF is due, at least in part, to inadequate apoptosis of interstitial fibroblasts. A recent study showed, for example, that TGF-␤ induction of PAI-1 in lung fibroblasts inhibits plasminogen-induced apoptosis of normal lung fibroblasts (15) . Following our observation that IPF fibroblasts express significantly higher basal PAI-1 than control fibroblasts, we speculated that IPF fibroblasts would be more resistant than control fibroblasts to plasminogen-induced apoptosis. To examine this, exogenous plasminogen (10 -50 g/ml) was added to control or IPF fibroblasts, followed by an alamarBlue assay to analyze cell viability. Plasminogen caused a dosedependent reduction in cell viability, with a maximal 42% reduction in cell viability at 50 g/ml in control fibroblasts; this compared with a 10% decrease in cell viability of IPF fibroblasts at the same concentration (Fig. 5A) . Cell death following exposure to plasminogen was caspase-mediated in control fibroblasts, as plasminogen induced a dose-dependent activation of caspase-3 as evidenced by the appearance of cleaved caspase-3. The activation of caspase-3 was not observed in plasminogen-treated IPF fibroblasts (Fig. 5B and data not  shown) . Using a more sensitive caspase-3 activity assay, we did detect a 1.5-fold increase in caspase-3 activity in IPF fibroblasts after exposure to the maximal plasminogen concentration (50 g/ml), but this was significantly less than the 3.5-fold increase in control fibroblasts (Fig. 5B, lower panel) . Because IPF fibroblasts are relatively resistant to plasminogen-induced apoptosis, which is likely a result of elevated PAI-1, and SPARC and ␤-catenin regulate PAI-1 expression, it is possible that down-regulation of SPARC or ␤-catenin would sensitize IPF fibroblasts to plasminogeninduced apoptosis. This was, in fact, what we observed, as lentiviral transduction of either SPARC shRNA or ␤-catenin shRNA into IPF fibroblasts caused a significant 46% (SPARC shRNA) or 48% (␤-catenin shRNA) reduction in cell viability, compared with a 5-7% reduction in viability in the scrambled control, and a 2-fold increase in caspase-3 activity following exposure to plasminogen (Fig. 5C) .
To further validate that PAI-1 is regulated by ␤-catenin, we examined whether LiCl, a known activator of the ␤-catenin pathway through phosphorylation and inactivation of GSK-3␤ (reviewed in Ref. 24) , induces PAI-1 in control fibroblasts. The addition of LiCl to control fibroblasts caused a dose-dependent increase in PAI-1 mRNA, with a 4-fold maximal increase at 50 mM LiCl and coincident nuclear translocation of ␤-catenin (supplemental Fig. 3S ). Additionally, LiCl (25 or 50 mM) protected control fibroblasts from plasminogen-induced apoptosis (supplemental Fig. 4S) .
SPARC Activates ␤-Catenin in IPF Fibroblasts through Akt and GSK-3␤-To elucidate the mechanism of SPARC-mediated activation of ␤-catenin in IPF fibroblasts, we examined the effect of attenuating SPARC in IPF fibroblasts on Akt and GSK-3␤, known signaling targets of SPARC. Fig. 6 shows that down- regulation of SPARC suppressed both basal phospho-Akt and phospho-GSK-3␤. Interestingly, SPARC down-regulation also attenuated ␣-SMA in IPF fibroblasts (Fig. 6) , which suggests that SPARC may be required to maintain a myofibroblast phenotype.
Our results revealing a mechanism of ␤-catenin activation by SPARC through Akt differ somewhat from those of Nie and Sage (12) , who found that SPARC activation of ␤-catenin in adipocytes does not involve Akt but instead is regulated by integrin-linked kinase. It is possible that integrin-linked kinase also regulates ␤-catenin activity in IPF fibroblasts, and studies to address this are planned. To validate that Akt mediates, at least in part, the activation of ␤-catenin in IPF fibroblasts, we examined the effect of LY294002 and wortmannin, PI3K/Akt-selective inhibitors, on ␤-catenin activation in IPF fibroblasts. Both inhibitors functioned as expected to suppress basal phospho-Akt and phospho-GSK-3␤ levels. Additionally, each reduced nuclear ␤-catenin to a similar extent in IPF fibroblasts (Fig. 7) . Both also inhibited PAI-1 mRNA and reduced basal ␣-SMA in IPF fibroblasts, albeit LY294002 to a greater extent (Fig. 7, A and C) . These data suggest that SPARC causes activation of ␤-catenin in IPF fibroblasts by first activating Akt, which in turn phosphorylates, i.e. inactivates, GSK-3␤ and is then accompanied by the nuclear import of ␤-catenin (see schematic in Fig. 8 ).
DISCUSSION
IPF is a devastating progressive fibrotic disease of the lung. The pathogenesis is unknown, although some recent studies have identified telomerase mutations in almost 10% of patients with familial IPF, which suggests that telomere shortening in epithelial and mesenchymal cell compartments may limit lung regenerative capacity (25) (26) (27) (28) . A recent study by Larsson et al. (23) showed that myofibroblasts are in greater abundance in IPF fibroblast populations versus control fibroblast populations and exhibit genome-wide abnormalities in translational control, which may confer an anti-apoptotic phenotype. We, too, found an increase in ␣-SMA expression in IPF fibroblasts versus control fibroblasts, consistent, at least in part, with the existence of an increased number of myofibroblasts in IPF samples versus control samples. There was, however, significantly more heterogeneity in the level of expression of markers of fibroblast activation, i.e. SPARC, type I collagen, and ␣-SMA, and activation of signaling pathways, i.e. Akt and ␤-catenin, in IPF samples versus control samples, which in part likely reflects differences in the numbers of myofibroblasts. This is not surprising because our patient samples were taken from patients at various stages of disease, and IPF patients exhibit profound variability in how they present and progress. Also, we found no significant differences in base-line proliferation or apoptosis in control fibroblasts versus IPF myofibroblasts, which agrees with the findings of Huang et al. (29) . For the first time, we have shown that IPF fibroblasts express higher levels of SPARC compared with control fibroblasts, which mediates activation of ␤-catenin through activation of Akt and inhibition of GSK-3␤. This results in an increase in basal PAI-1 expression, which renders IPF myofibroblasts resistant to plasminogen-induced apoptosis. SPARC has been shown to induce PAI-1 expression in aortic endothelial cells, but the mechanism was not elucidated (30) . Our findings of elevated basal PAI-1 in IPF fibroblasts complement those of Horowitz et al. (15) , who found that TGF-␤ induces PAI-1 in lung fibroblasts, which confers resistance to anoikis and plasminogen-induced apoptosis. Our findings suggest that SPARC, but not TGF-␤, regulates basal expression of PAI-1; we did find, however, that TGF-␤-dependent induction of PAI-1 in control fibroblasts requires the TGF-␤1 receptor/ALK5 (Fig. 3) . Also, TGF-␤ induced PAI-1 in IPF fibroblasts, but down-regulation of SPARC did not abrogate TGF-␤-mediated induction of PAI-1 in control or IPF fibroblasts (data not shown). This suggests that regulation of basal PAI-1 in lung fibroblasts is controlled by a pathway distinct from the TGF-␤-mediated induction of PAI-1. Our findings and published reports suggest that myofibroblasts, which are increased in number in IPF, acquire an apoptosis-resistant phenotype, which is characterized in part by elevated basal expression of PAI-1.
A recent study revealed that IPF fibroblasts are more resistant to prostaglandin E 2 -induced apoptosis compared with control fibroblasts, which, as speculated, may be due to reduced levels of prostaglandin E 2 receptors, diminished protein kinase A levels and activity, and reduced expression of PTEN (phosphate and tensin homologue) in IPF lung (31) . The authors revealed that prostaglandin E 2 requires PTEN-mediated inhibition of Akt to induce apoptosis in fibroblasts. Also, pathologic signaling through ␤1-integrin in IPF fibroblasts has been shown to generate defective PTEN function (32) . Moreover, a recent study showed that both TGF-␤ and endothelin-1 activate Akt in lung fibroblasts and that Akt promotes fibroblast resistance to apoptosis (14) ; endothelin-1 levels are known to be increased in IPF, and clinical trials in IPF with endothelin receptor antagonists are ongoing (33) . Increased levels of SPARC in IPF lung and lung fibroblasts would activate Akt in IPF lung fibroblasts, which may also play a role in the resistance of IPF fibroblasts to prostaglandin E 2 -induced apoptosis.
We identified a constitutively active SPARC/Akt/␤-catenin signaling cascade in IPF fibroblasts, which does not appear to be regulated by autocrine activation by TGF-␤ signaling because neither total nor active TGF-␤ was significantly increased in IPF myofibroblasts compared with control fibroblasts. In a previous study by Koli et al. (34) , cultured IPF fibroblasts secreted ϳ3-fold higher levels of active TGF-␤, whereas the total TGF-␤ levels increased only ϳ1.5-fold. Only two IPF fibroblast samples and one control fibroblast sample were used in this study, and the activity of TGF-␤ was measured in conditioned medium at 24 h with a mink lung epithelial cell reporter assay. Because active TGF-␤ binds to its receptors only after being liberated from the latent complex, TGF-␤ is probably not formed in solution and may not be stable in its soluble phase (35) . Therefore, the measurement of the activity of TGF-␤ in conditioned medium at 24 h may underestimate its biological activity, whereas our study is based on the co-culture of mink lung epithelial cell reporter cells with fibroblasts, which yields a continuous measurement of the basal activity of TGF-␤. A plausible model in IPF may be that lung epithelial injury is followed by a TGF-␤-dependent phase, which causes differentiation of fibroblasts into myofibroblasts and contributes to persistent epithelial injury and possibly epithelial-mesenchymal transition (EMT). Pathways that become active in myofibroblasts, such as SPARC/Akt/␤-catenin, may be autonomous and no longer require TGF-␤ to perpetuate the fibrotic response, but fibrosis could be further exacerbated by exposure of myofibroblasts to TGF-␤, e.g. accentuated production of PAI-1 and other fibrogenic factors. In the absence of augmented TGF-␤ signaling, it is unclear why SPARC levels are elevated in IPF fibroblasts, and studies are ongoing to investigate this further. In an intratracheal bleomycin model, Strandjord et al. (37) showed that collagen accumulation is decreased in SPARC-null mice. Strandjord et al. showed a decrease in collagen accumulation in the lungs of SPARC-null mice following bleomycin injury, a finding supported by recent studies such as those of Zhou et al. (38) showing that SPARC regulates collagen expression. The bleomycin model in mice clearly does not completely mirror IPF, especially in regard to chronicity and the presence of fibroblastic foci in IPF but not in the bleomycin model. Myofibroblasts do accumulate in bleomycin injury but not in defined fibroblastic foci. Also, SPARC is clearly expressed in myofibroblasts in fibroblastic foci in IPF lung (11) . Chronic models of lung injury and fibrosis may be more informative in discerning a role for SPARC in the regulation of lung fibrosis.
It is interesting to speculate that, because type II AEC in fibroblastic foci constitutively express active ␤-catenin, SPARC secretion from myofibroblasts in these foci may contribute to activation of ␤-catenin in AEC. It is also possible that trophic factors secreted from IPF myofibroblasts, in addition to SPARC, are responsible for the constitutive ␤-catenin activity. For example, Königshoff et al. (8) demonstrated recently that Wnt1, Wnt7b, Wnt10b, Fzd2, Fzd3, ␤-catenin, and lymphoid enhancer factor-1 are significantly increased in IPF lung tissue with similar elevations in cultured type II AEC from IPF patients. Interestingly, in a recent study, the same laboratory showed that WISP1 (Wnt1-inducible signaling protein-1) is increased in type II AEC in bleomycin lung injury and in patients with IPF (39) . They also showed that WISP1 activates Akt, induces PAI-1, and promotes EMT in cultured type II AEC and enhances myofibroblast activation and ECM expression in lung fibroblasts; neutralization of WISP1 inhibited WISP1-induced EMT in cultured type II AEC and reduced expression of matrix proteins in lung fibroblasts, suggesting that both WISP-1 and SPARC may contribute to increased Akt activity in IPF lung fibroblasts and Akt-mediated resistance of lung fibroblasts to apoptosis by TGF-␤ and endothelin (13, 14, 23, 32) . Also, the inhibition of WISP1 in a murine bleomycin lung injury model suppressed lung fibrosis and improved survival (39) . We did not observe, however, increased expression of WISP1 mRNA in IPF fibroblasts versus control fibroblasts (data not shown). A preliminary analysis in our laboratory also did not reveal elevation of Wnt1b, Wnt3a, or Wnt antagonist Fzd2 or Fzd3 mRNA in IPF fibroblasts (data not shown). However, Wnt proteins and WISP1 originating from type II AEC could act in a paracrine manner to activate ␤-catenin in IPF fibroblasts; selective perturbation of Wnt proteins or ␤-catenin in murine models of lung injury will help to decipher the contribution of ␤-catenin to lung injury and fibrosis.
The cellular origin of myofibroblasts in IPF is as yet unknown. Fibrocytes, circulating progenitors of fibroblasts, have been identified in fibroblastic foci in IPF lung but not in normal lung (40) . In a recent study by Larsson et al. (23) , fibroblasts from IPF patients were shown to express keratin 18, an epithelium-specific marker, suggesting that these fibroblasts may arise through EMT. The Wnt/␤-catenin pathway is known to regulate EMT in other cell types (41, 42) ; given that both type II AEC and myofibroblasts constitutively express ␤-catenin in IPF, it is possible that ␤-catenin mediates a transition of type II AEC to myofibroblasts in IPF.
Our results in IPF fibroblasts reveal that SPARC activates Akt, which then phosphorylates GSK-3␤, leading to its inactivation, which results in nuclear translocation and activation of ␤-catenin. GSK-3␤ has recently been shown to regulate heart development through a ␤-catenin-dependent but Wnt-independent pathway (43). Kerkela et al. (43) showed that deletion of GSK-3␤ leads to cardiac hypertrophy. Our findings reveal a central role for SPARC/␤-catenin in mediating the maintenance of a myofibroblast phenotype, which is supported by our observation that down-regulation of either SPARC or ␤-catenin suppresses ␣-SMA and confers resistance to plasminogen-induced apoptosis. Coupled with recently published data (8), our findings suggest that inhibition of SPARC/␤-catenin may represent a novel therapeutic target in IPF. 3 H]-thymidine-incorporation assay in triplicate. Briefly, fibroblasts were seeded in 24-well plates in 500 µl of growth medium (DMEM/10% FBS). After overnight, cells were washed twice with 1x PBS and supplemented with starvation medium (DMEM/0.1% FBS) for 24 hours. Cells were left untreated or stimulated with growth medium for various period of time. [ 3 H]-thymidine was added as a final 8-hr pulse (5 µCi/ml), and cells were washed with 1x PBS, precipitated (5% TCA), lysed (0.1% NaOH), transferred to scintillation vials, and counted in a betacounter (LS 6000SC Beckman). Cells from an extra well of each treatment were subjected to trypan blue (0.2% final, Sigma, St. Louis, MO) exclusion test at each end point to monitor any significant death caused by [ 3 H]-thymidine incorporation. Data represents mean ± SD (n = 4). Statistical analysis comparing control to IPF samples was performed using one-way ANOVA, p = 0.72 (10% serum) and p = 0.09 (0.1% serum). B, Survival of control or IPF cells was determined by an Alamar blue assay, with the same condition as for the plasminogen-activation induced apoptosis assay. Data represents mean ± SD (n = 4). Statistical analysis for comparison of control and IPF groups was performed using one-way ANOVA test. by guest, on July 8, 2012 www.jbc.org
